Background: The anatomy of the adrenal glands has been widely studied in many species of domestic and wild mammals. However, there are no available literature reports describing the morphology and morphometry of the adrenal glands of the European bison (Bison bonasus). Results: The study was conducted on 97 European bison of both sexes. The growth of the adrenal glands corresponded to the growth of the whole body, with the largest increase in size occurring in the first 2 years of the animal's life, followed by a slower increase in size until the animal was 5-7 years old. There were no statistically significant differences between ipsilateral adrenal glands of males and females with respect to age. There was no statistically significant difference in weight between the left and the right adrenal gland. However, there was a difference in the length, width and thickness of the two glands. Reference intervals for adrenal gland size and weight were computed separately for two bison age groups (up to 2 years of age and older than two years). The adrenal gland consisted of a cortex and a medulla. The connective-tissue capsule contained two layers. It had a fibrous structure and abundant adipose tissue. The cortex was divided into three zones. The zona glomerulosa contained cells arranged in bundles and curves. Numerous apoptotic cells were observed among regular cells in the zona reticularis. There were vacuoles in the cells of both zona fasciculata and zona reticularis, which formed a foamy cytoplasm. The adrenal medulla was composed of large, dark cells with a highly basophilic cytoplasm in the superficial region and of smaller, lighter cells in deeper layers. Sinusoidal vessels were located in the central part of the medulla. Conclusions: The left adrenal gland was significantly longer, narrower and thinner than the right one. There were no significant differences in the structure of the adrenal medulla and cortex of the European bison compared to other species of domestic and wild mammals. There was a thick layer of adipose cells at numerous locations in the adrenal capsule of the bison.
Background
The European bison morphology has been studied since the 1920s. Although more than 100 original studies have been published focusing on the morphological structure of organ systems in the European bison [1, 2] , few of them have analysed the endocrine glands in this species. Existing reports describe the morphology of the pancreas [3] , thyroid gland [4] [5] [6] and thymus [7] .
There are literature reports and figures showing the structure of the adrenal gland in various mammalian species, including domestic and wild animals. Studies on the adrenal gland have been carried out domestic animals: Nili-Ravi buffalo (Bubalus bubalis) [8] , cattle [9] , one-humped camel (Camelus dromedarius) [10] [11] [12] , wild ruminants, such as in pampas deer (Ozotoceros bezoarticus) [13] , as well as in other wild animals such as: mongoose (Herpestes auropunctatus) [14] , common shrew (Sorex araneus), Eurasian pygmy shrew (Sorex minutus), muskrat (Ondatra zibethicus), bank vole (Myodes glareolus), field vole (Microtus agrestis) [15] , bottlenose dolphin (Tursiops truncatus) [16, 17] and common seal (Phoca vitulina vitulina) [18] . However, there are no available studies on the morphology of the adrenal gland in the European bison.
The European bison is an endangered species. More information on its anatomy is warranted as there are few published studies of this species [1] [2] [3] [4] [5] [6] [7] . This study is the first report on the morphology of the adrenal gland in the European bison. Given the anatomical similarity between the European bison and other ruminants, the results of this study can be applied to other species, including the endangered ones.
The aim of this study was to describe the location, macroscopic and microscopic structure of the adrenal glands in the European bison, as well as to contribute to the current knowledge of comparative anatomy of wild mammals.
Results

Gross anatomy
Our study showed that the adrenal glands were positioned intraperitoneally in the European bison. The left adrenal gland was located distally from the caudal extremity of the left kidney at the level of L1. It lay behind the cranial mesenteric artery, very close to the medial plane. Its lateral border was adjacent to the rumen, and its medial border was positioned next to the caudal vena cava. In all the studied European bison, the shape of the left adrenal gland resembled that of number "1" (Fig. 1) .
The right adrenal gland was situated at the level of Th13-Th14, in front of the cranial extremity of the right kidney. Its dorsal surface adhered to the right crus of the diaphragm. The ventral surface adhered to the renal impression on the liver, close to the caudal vena cava. The right adrenal gland was triangular in shape ( Fig. 1) .
Statistical analysis
The growth of the adrenal glands seemed to correspond to the growth of the whole body, with the largest increase in size occurring within the first two years of the animal's life, followed by a slower increase in size until the animal was 5-7 years old (Fig. 2) .
The weight and size of the adrenal glands are presented in Table 1 . Taking into consideration the animals' age, there were no statistically significant differences in the size and weight of the adrenal glands between males and females.
The change in the weight and size of the left and right adrenal glands in the three consecutive age groups is presented in Table 2 . Due to the fact that there were no statistically significant differences between males and females, those groups included both sexes. There was a statistically significant overall difference among the age groups with respect to all the analysed parameters (p ANOVA <0.001). The only exception was relative weight, which remained unchanged in all the age groups and only slightly declined in the older animals. However, that effect was not statistically significant. There were significant differences between the youngest and the adolescent European bison with respect to all the analysed parameters, whereas only some parameters differed significantly between the adolescent and the adult European bison. There was no difference between the weight of the left and the right adrenal gland within the age groups (p = 0.123). At the same time, all three size parameters differed between the left and the right gland. The left adrenal gland was significantly longer (p < 0.001) but narrower and thinner (both p < 0.001) than the right one in all the age groups. This corresponds to a different shape of the contralateral adrenal gland, as shown in the picture (Fig. 1) .
Ninety-five percent reference intervals (RI) for the adrenal gland size and weight are presented in Table 3 , separately for the youngest and for the adolescent/adult bison. A common RI was used for the adolescent and the adult bison due to a small size of the sample groups and insignificant differences in their parameters.
Histological analysis
Our study showed that the adrenal gland of the European bison was composed of the cortex and medulla. It was covered by a thick connective tissue capsule (Fig. 3a) , which had two layers (Fig. 3b) . The outer layer was formed from collagen, elastin and smooth muscle fibers ( Fig. 3c and d) . Abundant adipose tissue ( Fig. 3c and e) was observed between the inner and the outer layer. Sometimes, those fibers formed small irregular clusters. The inner layer was formed from tightly aligned collagen fibers (Fig. 3d) . Looser connective tissue and an extensive network of well-developed blood vessels were found on the border of those two layers (Fig. 3b) . The internal layer of the capsule formed strands that penetrated the cortex (Fig. 3a) . In turn, the cortex was divided into zona glomerulosa s. zona arcuata, zona fasciculata and zona reticularis. Collagen fibers formed numerous, irregular, thin strands in the zona glomerulosa that ran between cells. They formed large and thick trabeculae, which divided the zona glomerulosa and penetrated deep into the organ (Fig. 4a) . The collagen fibers formed irregularly distributed clusters between cells in the deeper layers of the adrenal gland (Fig. 4b) . Numerous blood vessels were observed at that level (Fig. 4c) . Collagen fibers were arranged in thick circular layers around them (Fig. 4c) .
Glandular cells of the zona glomerulosa formed bundles and arches (Fig. 5a ). The bundles were located beneath the capsule and consisted of tightly and concentrically arranged cells. The cells were polygonal in shape (Fig. 5b) . In contrast, the arches formed clear columns that penetrated the gland, forming a thin zona fasiculata (Fig. 5c ). The cells of those structures were oval and were arranged in single or multiple arch-shaped strands (Fig. 5d ). Connective tissue and numerous blood vessels were present in both layers of the adrenal cortex. The zona reticularis was prominent and wide, and it was formed by irregularly arranged cells of various shapes (cubic, fusiform, oval, polygonal) (Fig. 6a ). There were numerous apoptotic cells in the zona reticularis (Fig. 6b) . That layer also contained numerous vessels (Fig. 6c) . Cells with vacuoles formed a foamy cytoplasm in the zona fasciculata and zona reticularis (Fig. 6d) .
The adrenal medulla consisted of larger dark cells and smaller, light ones (Fig. 7a) . The dark cells were concentrated and formed elongated, dense and nest-like shapes. Those nest-like structures were situated directly beneath the adrenal cortex and had a ring-like distribution surrounding the medulla. The medulla was formed from light cells (Fig. 7a ). The dark cells had an irregular, elongated shape and basophilic cytoplasm. The borders between those cells were ill-defined (Fig. 7b) , and there were single, large and thick vessels between them (Fig. 7a ). Light cells were located deeper within the adrenal medulla and were arranged in rows. They had a light, weakly basophilic, foamy cytoplasm (Fig. 7b ). There were blood vessels of various diameters located between them, while sinusoidal vessels (single, double or triple) were located in 
Discussion
Numerous studies on the shape of the adrenal gland were carried out in various wild and domesticated animal species [9-11, 14-16, 19, 20] . The shape of the adrenal glands may differ not only between species but also between animals of the same species. In all the examined European bison, the left adrenal gland resembled the shape of number "1", while the right adrenal gland was triangular. A similar adrenal shape was described in domestic cattle and small ruminants [19] . Studies carried out in the Nili-Ravi buffalo showed that the left adrenal gland had a V-shape, while the right gland was C-shaped [8] . Erdoğan and Pérez [13] described the shape of the adrenal glands in the pampas deer and found interindividual differences in the shape of the left gland. Two of the ten studied deer had a V-or heart-shaped left gland, while the remaining eight animals had an oval shaped one. The right gland was oval-shaped in all the studied deer.
There are several morphometric studies of the adrenal gland in literature. They describe the relative and absolute weight, length, width, thickness and circumference of each gland. However, our study is the first to report reference intervals for size and weight of the adrenal glands which may prove useful to clinicians, in particular if abdominal sonography is planned as a diagnostic method in sedated European bison. The studies carried out in the pampas deer by Erdoğan and Pérez [13] revealed that the right adrenal gland mean weight was 0.59 ± 0.09 g, and the mean weight of the left adrenal gland was 0.64 ± 0.1 g. The mean length and width of the left adrenal gland (18.04 ± 0.94 mm, 11.83 ± 0.81 mm) was larger than the right gland (17.3 ± 1.58 mm, 10.11 ± 0.42 mm). The mean thickness of the right adrenal gland (5.11 ± 0.45 mm) was greater than that of the left gland (4.59 ± 0.31 mm).
Hussain et al. [8] presented the absolute and relative weight of the adrenal glands in the Nili-Ravi buffalo. The absolute weight was 23.70 ± 1.12 g, and the relative weight was 0.06 ± 0.001 % in young animals. In old animals, the absolute and relative weights were 33.85 ± 1.17 g and 0.05 ± 0.001 g, respectively. The authors provided the length and width of both the left and the right adrenal glands. The length and width of the right adrenal gland in young animals were 5.03 ± 0.05 cm and 3.84 ± 0.06 cm, and 6.69 ± 0.09 cm and 4.13 ± 0.0015 cm in adult animals, respectively. In the left adrenal gland, those measurements were 5.17 ± 0.08 cm and 2.85 ± 0.05 cm in young animals and 6.85 ± 0.100 cm and 4.82 ± 0.22 cm in adult animals, respectively. The mean length of the adrenal glands was significantly greater in adults than in young individuals. However, the difference in the width of the right adrenal gland between young and adult buffaloes was non-significant [8] .
In the studied European bison population, there was no difference in the weight of adrenal glands with respect to age. However, all three size parameters differed between the left and the right gland. The left adrenal gland was significantly longer, narrower and thinner than the right one in all the age groups.
In the European bison, like in other mammalian species, the capsule consisted of an inner and outer layer, which differed in the amount of connective tissue [19] [20] [21] . Interestingly, we found a substantial layer of adipose cells between the inner and the outer layer of the capsule, which may be presumed to be characteristic of wild animals. There are no literature reports describing a similar finding in domestic animals. According to Nabipour [22] , the adrenal capsule in camels (Camelus dromedarius) has dense irregular connective tissue. Al-Bagdadi [10] reported that the adrenal capsule in camels (Camelus dromedarius) consists of two layers, and the inner layer contains cellular elements. Similarly to domestic animals, the adrenal capsule in the European bison contained a lot of collagen, elastin and smooth muscle fibers [19] [20] [21] . Vuković et al. [17] found mainly collagen fibres and a few elastin fibres. In the European bison, similarly to domestic animals and camels, the adrenal capsule was well developed and formed connective tissue trabeculae that penetrated the cortex and rarely entered the medulla [10, [19] [20] [21] [22] . In contrast, Vuković et al. [17] reported that in marine mammals (dolphins) the thick connective tissue trabeculae did not divide the cortex into pseudo-lobes.
Similarly to other land and marine mammals, the adrenal gland in the European bison consisted of the cortex and medulla. The cortex contained three layersthe zona glomerulosa, zona fasciculata and zona reticularis.
In the zona glomerulosa of the European bison, the cells formed numerous bundles and arches, similarly to domestic ruminants, horse and carnivores [19] [20] [21] 23] . The cells of the zona glomerulosa in the European bison were polygonal in shape as in domestic mammals, camels and marine mammals [9, 10, 22] .
In the European bison, as in humans and domestic ruminants, the cells in the zona fasciculata were predominantly arranged in bundles [24] . They were oval and arranged in single or multiple arch-shaped strands. On the other hand, in the zona fasciculata of the marine mammals (dolphin), the arches passed into columns and contained one or two cell rows in each cord [17] . Those cells were large and polygonal in marine mammals. Our research showed numerous apoptotic cells in the zona reticularis. A similar finding was described in cattle [9] . In the European bison and camel (Camelus dromedaries), many cells in the zona fasciculata and zona reticulata contained vacuoles, which formed a foamy cytoplasm and indicated the presence of lipids [12] . In the European bison, the structure of the adrenal medulla was similar to that of domestic animals [9, [19] [20] [21] . In the superficial layer of the adrenal medulla, there were large dark cells with a strongly basophilic cytoplasm. Small, lighter cells were present in the deeper layer of the medulla. According to Jelinek and Konecny [9] , both types of cells were intertwined in cattle. According to Dellman [21] , the medulla was divided into two parts in domestic animals (horses, cows, sheep and pigs). The outer part was composed of strongly staining epinephrine-secretin cells, while the inner part was formed from cells with a weaker stain affinity (norepinephrine-secreting cells). A similar structure of the adrenal medulla was reported in marine mammals by Vuković et al. [17] .
Conclusions
The left adrenal gland in the European bison was significantly longer, narrower and thinner than the right one in all the age groups. There were no significant differences in the structure of the adrenal medulla and cortex of the European bison compared to other species of domestic and wild mammals. There was a thick layer of adipose cells at numerous locations in the adrenal capsule, which had not been described in land and marine mammals.
Methods
Animals and gross anatomy
The study material comprised adrenal glands from the 97 European bison (Bison bonasus) of both sexes (40 males and 57 females), aged 3 months to 24 years (median of 24 months, IQR from 7 to 72 months), inhabiting the Białowieza Forest (Białowieza National Park, Poland) (Additional file 1). The females were significantly older than the males (p = 0.006) with a median (IQR) of 24 (7-84) and 18 (5-30) months, respectively.
The animals were divided into three groups depending on their age: 3 months to 2 years old (group I), 2 to 5 years old (group II), and older than 5 years (group III). The animals were also classified based on data on their growth and development [25] [26] [27] . The information on the animals' age was drawn from the Białowieza Nature Reserve Record Book.
The weight of each animal was determined under field conditions after legal culls were performed. After the abdominal cavity was opened, the holotopy, skeletotopy and syntopy of the adrenal glands were recorded. The adrenal glands were then removed, and the shape and mass of the left and the right gland were recorded using the AXIS AD2000 laboratory weighing scale, accurate to the nearest 0.01 g. Next, an electronic (TESA -CAL IP67) caliper, accurate to the nearest 0.01 mm, was used to measure the length, width and thickness of each gland. 
